MicroRNAs are short endogenous noncoding RNAs that play pivotal roles in a diverse range of cellular processes. The miR-181 family is important in T cell development, proliferation, and activation. In this study, we have identified BRK1 as a potential target of miR-181c using a dual selection functional assay and have showed that miR-181c regulates BRK1 by translational inhibition.
conformational changes in the ARP2/3 complex, thereby promoting production of branched networks of filamentous actin (F-actin). 7, 10 The ability of T cells to polymerize actin is critical from the very first step of TCR engagement to the completion of a successful T cell activation. 11 Among the three isoforms of WAVE, 12, 13 WAVE2 has been shown to be the major isoform expressed in T cells 14, 15 and increasing data has indicated that it is an essential regulator of multiple actin cytoskeleton-dependent processes during T cell activation. [14] [15] [16] [17] Suppression of WAVE2 in Jurkat T cells has been shown to reduce the F-actin accumulation at the immunological synapse, decrease conjugate formation, and cause defects in stable lamellipodia generation. 14, 15 In addition, loss of WAVE2 in Jurkat T cells also led to reduction in IL-2 promoter activity and impairment in the regulation of Ca 2+ . 14 Furthermore, silencing of WAVE2 also caused defective integrin-mediated adhesion in primary CD4 + T cells and Jurkat T cells in response to TCR activation. 16, 17 We identified the potential targets of miR-181c/d using an in-house functional assay. 18 This assay depends upon the functional activity rather than relying solely on the complementary binding of a miRNA to its putative target. 19, 20 In addition, this methodology is also able to identify targets that are down-regulated by mRNA degradation or translational repression. 18 In this study, we focused on validating the downstream targets of miR-181c and investigating the biological functions of the identified targets. We demonstrated that the miR-181c-BRK1 axis plays an indispensable role in regulating T cell actin dynamics and thus is important in T cell activation, lamellipodia generation, and immunological synapse formation.
MATERIALS AND METHODS

Cell culture
Adherent cell lines (MCF7 and HeLa) were cultured in Dulbecco modified essential medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA), whereas the suspension cell line (Jurkat T cells) was cultured in RPMI 1640 medium (Thermo Fisher Scientific). Both media were supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% L-glutamine-penicillin-streptomycin solution (Sigma-Aldrich). Isolation of primary CD3 + T cells from peripheral blood mononuclear cells (PBMC) was performed using Dynabeads Untouched Human T Cell Kit (Thermo Fisher Scientific). Isolated CD3 + T cells were cultured in X-Vivo 15 medium (Lonza, Basel, Switzerland) supplemented with 2% human AB serum (Sigma-Aldrich) and 100 U/mL recombinant human IL-2 (PeproTech, Rocky Hill, NJ, USA). Cells were cultured under humidified conditions at 37 • C in 5% CO 2 . Stimulation of Jurkat T cells was achieved with 10 g/mL of plate bound anti-human CD3 (clone OKT3; eBioscience, San Diego, CA, USA) and 25 ng/mL of phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) whereas primary T cells were stimulated with 2 g/mL of plate bound anti-human CD3 (clone OKT3; eBioscience) and 2 g/mL of soluble anti-human CD28 (clone 28.2; eBioscience).
Functional assay for miR-181c/d target identification
Functional assay to identify the target genes of miR-181c/d was performed as previously described. 18 
Dual luciferase activity assay
Flow cytometry analysis
Surface staining was performed with anti-human CD69-PE (eBioscience), Pacific Blue anti-human CD69 (BioLegend, San Diego, CA, USA), and anti-human CD154-PE (eBioscience) for 1 h in the dark. Detectors were set to detect an optimal signal below saturation limits. Fluorescence was acquired sequentially to prevent passage of fluorescence from other channels (multitrack). Image sets to be compared were acquired during the same session using identical acquisition settings. Blinded confocal images were analyzed using NIS-elements imaging software (Nikon). T cell-B cell conjugates were identified only when T cells were in direct contact interaction with B cells (blue fluorescent channel), and the total area (in square micrometers) of F-actin (red fluorescent channel) accumulation at all T cell contact sites and synapses with B cell was measured.
Spreading assay
Quantitative real time PCR
Total RNA was extracted from cells using TRIzol (Thermo Fisher Scientific) method or RNeasy Micro Kit (Qiagen, Germantown, MD, USA). For quantification of BRK1 mRNA expression, first strand cDNA was synthesized using SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific) and quantitative real-time PCR (qPCR) analysis was carried out using the FastStart Universal Probe Master (ROX) and Universal Library Probes (Roche Diagnostics, Atlanta, GA, USA).
The details of primers and probes used are shown in Supplemental Table 1 . BRK1 expression levels, normalized to GAPDH, were quantified with the relative quantification method (2 −ΔΔCt ). For miRNA expression quantification, reverse transcription of miRNA was first carried out using the Universal cDNA Synthesis Kit II (Exiqon, Vedbaek, Denmark), and qPCR analysis was then performed using ExiLENT SYBR Green Master Mix (Exiqon). Details of miRNA-specific primer mix are shown in Supplemental Table 1 . The miR-181 levels were normalized to miR-103a and expressed as relative quantification (2 −ΔΔCt ).
Western blot analysis
Whole cell lysates were prepared using 1× Radio-Immunoprecipitation 
Statistical analysis
Statistical analysis was performed using Prism Version 5 software (GraphPad Software, La Jolla, CA, USA). Statistical significance was calculated by P value using unpaired t-test. P values < 0.05 were considered statistically significant. Error bars were generated based on two to four independent experiments.
Online supplemental material
The online supplemental material consists of one supplemental table and four supplemental figures.
RESULTS
miR-181c regulates BRK1 protein expression
To identify putative targets of miR-181c/d, we employed a functional screening assay, which has been developed in-house. 18 Since miR-181a, miR-181b, miR-181c, and miR-181d have the same seed sequence and they might regulate the same genes, we overexpressed miR-181a, miR-181b, miR-181c, and miR-181d in three independent cells lines, MCF7, HeLa, and Jurkat T cells (Fig. 1A) to determine the mRNA and protein expressions of BRK1. We found that ectopic expressions of miR-181a, miR-181b, miR-181c, and miR-181d had no impact on BRK1 at the mRNA level in all three cell lines (Fig. 1B) . Nevertheless, BRK1 protein levels in MCF7, HeLa, and Jurkat T cells were all substantially down-regulated upon miR-181c overexpression (Figs. 1C and 1D ). However, in miR-181a, miR-181b, and miR181d overexpressing cells, the protein level of BRK1 was not altered (Figs. 1C and 1D ). These results indicate that only miR-181c regulates BRK1 protein expression. To further confirm that miR-181c regulates BRK1, miR-181c overexpressing MCF7, HeLa and Jurkat T cells underwent miR-181c inhibition by transfecting with miRIDIAN hairpin inhibitor directed against miR-181c. Analogous to miR-181c overexpression, BRK1 expression remained unchanged at the mRNA level following miR-181c inhibition (Fig. 1E) . However, reduced BRK1 protein expression in miR-181c overexpressing cells could be reversed with miR-181c inhibition, resulting in a marked increase in protein expression of BRK1 (Figs. 1F and 1G) . Overall, these data demonstrated that overexpression and inhibition of miR-181c had no effect on the mRNA expression level of BRK1 but did in fact modulate its protein expression, suggesting that miR-181c regulates BRK1 expression by promoting translational inhibition rather than mRNA degradation. In addition, a dual luciferase reporter assay was also performed to further confirm that miR-181c regulates BRK1 expression. Luciferase activity from a plasmid with BRK1 cDNA cloned downstream of luciferase reduced significantly as a result of enforced expression of miR-181c in MCF7, HeLa, and Jurkat T cells (Fig. 1H) , indicating that miR-181c represses BRK1 expression.
BRK1 is important for the stability of WAVE2 regulatory complex in T lymphocytes
In solid tumor cell lines, BRK1 has been shown to play an important role in regulating the stability of the WAVE regulatory complex. [21] [22] [23] To explore whether BRK1 also plays a similar role in T lymphocytes, we examined the expressions of other proteins involved in the WAVE2 complex including WAVE2, ABI1, SRA1, and HEM1 following knockdown of BRK1 in both Jurkat and primary T cells. Upon suppression of BRK1, the protein levels of WAVE2, ABI1, and SRA1 were significantly reduced (Fig. 2) . However, HEM1 protein expression was not altered by BRK1 depletion in both Jurkat and primary T cells (Fig. 2) . In addition, we also assessed whether BRK1 depletion would influence the levels of the components of ARP2/3 complex. We found that the protein expressions of ARP2 and ARP3 remained unchanged following BRK1 suppression (Fig. 2) . We also showed that reduced expression of BRK1 as a result of miR-181c overexpression in Jurkat T cells decreased the WAVE2 protein expression (Supplemental Fig. 2 ). This data suggest that, as in solid tumor cell lines, BRK1 is important for the stability of other proteins in the WAVE2 regulatory complex in T cells.
miR-181c-BRK1 axis is important for T cell activation
It has been shown that miR-181c is important in T cell activation. 3, 5 In this study, we found that miR-181c regulates the expression of BRK1.
BRK1 is a component of the WAVE2 complex, which has been shown to be involved in T cell activation by modulating processes such as lamellipodia formation, immunological synapse formation, IL-2 promoter activity, integrin activation, and Ca 2+ entry. [14] [15] [16] [17] Therefore, to study whether the regulation of BRK1 by miR-181c correlates with T cell activation, we examined the expression of miR-181c and BRK1
in PBMC-derived CD3 + T cells before and after costimulation with (Fig. 3F) . Similarly, the increment of CD69 expression in BRK1-suppressed Jurkat T cells (shBRK1_1 and shBRK1_2) was lower as compared to scrambled (Figs. 3G and   3H ). In addition, knockdown of BRK1 was also performed in primary T cells (Supplemental Fig. 4) where expression of CD69 (Figs. 3I and 3J) and CD154 (Figs. 3K and 3L ) was also impaired following stimulation. Together, these data indicate that enforced expression of miR-181c or silencing of BRK1 reduces CD96 and CD154 expression, suggesting that miR-181c-BRK1 axis is involved in T cell activation.
miR-181c-BRK1 axis is required for actin polymerization in T cells
Reorganization of the actin cytoskeleton is a requisite event in controlling T cell activation and is critical for multiple aspects in T cell function. 11 (Figs. 4E and 3F) . Collectively, these data suggest that the miR181c-BRK1 axis is required for maximal actin polymerization in T cells.
miR-181c-BRK1 axis plays a key role in lamellipodia formation in T lymphocytes
The effects of miR-181c or BRK1 modulation on the total cellular F-actin content in T cell activation have led us to determine whether enforced expression of miR-181c or knockdown of BRK1 could have an impact on actin polymerization-mediated T cell functions. Spreading of T cells on anti-TCR coated slide requires the formation of stable actin structures and the generation of lamellipodia. 24 We thus assessed the ability of T cells to generate lamellipodia using a spreading assay following miR-181c overexpression or BRK1 suppression. We found that, during the spreading process, miR-181c overexpressing cells failed to spread on anti-CD3 coated slides whereas control cells were able to spread in a highly ordered fashion, forming a round lamellipodial interface at the cell periphery containing radially-arrayed F-actin-rich structures (Fig. 5A) . At the 1-min time point, the percentage of cells that have spread on anti-CD3 coated slides in both control and miR181c overexpression were all very low. Nevertheless, at 3 and 5 min, a significantly lower percentage of spreading was observed in miR181c overexpressing cells as compared to control (Fig. 5B) . Consistent with this finding in miR-181c overexpression, in both Jurkat (Figs. 5C and 5D) and primary T cells (Figs. 5E and 5F ), a small difference in percentage of spreading was seen at 1 min between control and BRK1-knockdown T cells whereas significant differences were observed after 3 and 5 min of spreading where depletion of BRK1 had a significant impact on the cell ability to spread in response to anti-CD3 stimulation. Taken together, these data suggest that the miR-181c-BRK1 axis is required for the generation of lamellipodia in response to TCR stimulation, a phenomenon requiring proper regulated actin polymerization.
miR-181c-BRK1 axis plays an important role in immunological synapse formation in T cells
The mutual recognition of the T cell and antigen presenting cell (APC) results in the engagement and clustering of the TCR, and the formation of the T cell-APC interface, known as the immunological synapse.
Regulation of actin polymerization at the immunological synapse is crucial to initiate and sustain T cell activation. We therefore analyzed whether ectopic expression of miR-181c or suppression of BRK1 could impair actin polymerization at the immunological synapse (T cell-B cell conjugation site). Our results showed that overexpression of miR181c in Jurkat T cells led to severe impairment in actin polymerization in response to stimulation with superantigen-pulsed MEC-1 B cells. In comparison to control, miR-181c overexpression resulted in a marked reduction of F-actin staining at the T cell-B cell contact site (Fig. 6A) . To quantitatively determine the effect of miR-181c overexpression on immunological synapse formation, we measured the total area (in square micrometers) of F-actin accumulation at T cell contact sites and synapses with B cells where a significant reduction in the total area of F-actin accumulation at T cell-B cell contact site was found (Fig. 6B) . Consistently, we also demonstrated that in both Jurkat 
DISCUSSION
In this study, we show, for the first time, that miR-181c modulates BRK1 by translational inhibition. BRK1 is a component of the WAVE complex that regulates actin polymerization. 7 It has been confirmed that at the N-terminal of the WAVE protein, a tight pentameric complex consisting of WAVE1/2/3, ABI1/2/3, SRA1, HEM1/2, and BRK1 is formed. 8, 9 In this study, we showed that upon BRK1 silencing, the protein expression levels of WAVE2, ABI1, and SRA1 were reduced in both Jurkat and primary T cells consistent with previous studies. [21] [22] [23] Derivery and colleagues demonstrated that siRNA knockdown of BRK1 in HeLa cells resulted in a reduction of the protein expressions of WAVE2, SRA1, NAP1 and ABI1, 21 whereas in lung cancer PG cell line, Cai et al. reported that loss of BRK1 resulted in decreased expression of WAVE2 protein. 22 Suppression of BRK1 in osteosarcoma U2OS cell line also contributed to decreased protein expressions of ABI1, WAVE1, and WAVE2. 23 Interestingly, we found that the HEM1 protein level was not altered following BRK1 depletion. This might be due to the fact that BRK1 does not interact directly with HEM1 in the WAVE2 complex. 8, 21, 25 Previous studies have shown that BRK1 is a precursor in the assembly of WAVE-ABI-BRK1 heterotrimeric complex and in the subsequent binding of the heterotrimer to the SRA1-HEM1 dimer to form a functional WAVE regulatory complex. The binding of the WAVE-ABI-BRK1 heterotrimer to the SRA1-HEM1 dimer is mainly via interaction between BRK1 and SRA1. 8, 21, 25 Thus, during the assembly of a WAVE regulatory complex, BRK1 interacts directly with WAVE, ABI, and SRA1 proteins but not HEM1 protein. Furthermore, we also found that the ARP2 and ARP3 proteins levels remained unchanged following suppression of BRK1 consistent with the fact that the ARP2/3 complex only binds to activated WAVE2 protein at its C-terminal end. 7, 10 Collectively, our data suggest that in T cells, miR181c represses BRK1 expression which in turn destabilize proteins in the WAVE2 complex.
Upon stimulation of PBMC-derived CD3 + T cells, we found that the expression of miR-181c was significantly reduced and the protein expression of BRK1 was markedly elevated. Further overexpression and knockdown studies confirmed that the miR-181c-BRK1 axis is important in T cell activation. In addition, we demonstrated that the miR-181c-BRK1 axis regulates actin polymerization-dependent processes in T cells such as lamellipodia generation and immunological synapse formation.
Although the role of miR-181c in regulation of actin dynamics in T cells is poorly understood, there are several previous studies which showed that the miR-181 family is important in T cell activation. miR-181a has been shown to enhance T cell activation by down-regulating multiple negative regulators (phosphatases such as PTPN22, SHP-2, and DUSP6) in the TCR signaling pathway. 3 In addition, down-regulation of miR-181c expression following T cell activation has been previously reported in Jurkat and PBMC-derived CD4 + T cells. 5 Moreover, ectopic expression of miR-181c in Jurkat and CD4 + T cells has been shown to reduce T cell activation and proliferation by targeting IL-2. 5 It is evident that BRK1 plays a key role in cellular processes that are dependent on actin cytoskeleton. 26 For example, BRK1 was shown to be required for lamellipodia formation in HeLa cells. 21, 27 Suppression of BRK1 in non-small cell lung carcinoma cell line caused actin filament reorganization, inhibited pseudopodia formation, and blocked cell migration. 22 Loss of BRK1 in renal cell carcinoma and osteosarcoma cell lines also resulted in defective directional migration and invasive growth, coupled with reduced cell proliferation. 23 Furthermore, BRK1 is also essential in actin dynamics and cell survival during embryo development as genetic ablation of Brk1 in mice resulted in dramatic defects in embryo compaction and development. 23 In addition, BRK1 regulates actin dynamics during the processes of neurite outgrowth in human neuroblastoma. 28 Although much remains unknown regarding the role of BRK1 in actin reorganization in T cells, the WAVE2 complex has been shown to be important in regulating actin cytoskeletal remodeling in T cells. Nolz and colleagues showed that WAVE2 suppression resulted in reduction in conjugation formation and F-actin accumulation at the T cell-B cell site, coupled with defects in generation of stable lamellipodia in response to anti-TCR ligation. 14 In addition, the two members of WAVE2 complex, ABI2 and HEM1, have also been shown to be recruited at the immunological synapse site together with WAVE2 and F-actin, and loss of HEM1 exhibited significant defects in conjugate formation similar to WAVE2 suppression. 14 Moreover, Zipfel et al. demonstrated that ABI colocalizes with WAVE1 and WAVE2 at the sites of dynamic actin polymerization, including the leading edge of spreading T cells and the T cell-B cell conjugation site. 15 Similarly, primary T cell derived from Abi1/Abi2-deficient mice were also shown to exhibit reduced actin polymerization upon T cell activation 15 and Hem1 deficiency in mice has been shown to result in impaired T cell activation, adhesion, and development as well as defective F-actin polymerization and actin cap formation in lymphocytes. 29 In conclusion, we have showed that miR-181c regulates BRK1 protein expression level; however, the exact direct or indirect mechanism needs to be further explored. In addition, we have also demonstrated the important role of miR-181c-BRK1 axis in actin polymerizationmediated T cell functions and T cell activation.
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